VS 2 nanosheets as the positive electrode and the activated carbon (AC) as the negative electrode with a 6 M KOH solution as electrolyte were fabricated as an asymmetric supercapacitor. These materials were combined to maximize the specific capacitance and to enlarge the potential window, therefore improving the energy density of the device. A specific capacitance of 155 F g -1 at 1 A g -1 with a maximum energy density as high as 42 Wh kg -1 and a power density of 700 W kg -1 was obtained for the asymmetric supercapacitor within the voltage range of 0 -1.4 V. The supercapacitor also exhibited a good stability with ∼ 99% capacitance retention and no capacitance loss after 5000 cycles at a current density of 2 Ag -1 .
Introduction
Recently, supercapacitors which are advanced electrochemical energy storage systems , have been a hot topic due to their numerous advantages in power source applications such as shortterm power sources for mobile electronic devices and auxiliary power sources for hybrid electric vehicles (HEV) [1] [2] [3] . Supercapacitors also known as ultracapacitors or electrochemical capacitors are energy storage devices that exhibit high power density but a relatively low energy density as compared to rechargeable batteries. Thus, there has been a massive focus by researchers to improve on the supercapacitor technology in order to enhance the energy density to at least the level of the of rechargeable battery systems. Beside the high power density, supercapacitors also show excellent properties such as long cycle life, rapid energy deliverance and long stability as compared to rechargeable batteries. The performance of supercapacitors to a large extent depends on the nature of the electrode material 4, 5 .
Typically, supercapacitors are categorized into three types based on their charge-storage mechanism, namely, electrical double-layer capacitors (EDLCs), faradaic and hybrid capacitors [2] . The storage mechanism in EDLCs arises from the accumulation of charges at the electrode/electrolyte interface that results in a non-faradaic reaction, whereas faradaic storage mechanism results from the fast redox reaction (faradaic reaction) 6 .
Hybrid capacitors are obtained from either making the composites of the two materials or/and as positive and negative electrodes to form asymmetric cell, respectively, with different charge storage mechanism. An example could be an EDLC-type material as negative electrode and a faradaic-type material as positive electrode. This offers the possibility of synergizing the advantages of both electrodes such as the high electrical conductivity and stability of EDLC materials and the high specific capacitance of faradic or pseudocapacitance materials. The properties of the resulting hybrid device lies between a supercapacitor and a battery 7 . Asymmetric supercapacitors are a special type of hybrid 3 capacitors obtained by mounting an EDLC carbon material electrode with a faradaic-type material electrode in order to increase the energy density by utilizing the resulting wide operating voltage window. This should not be detrimental to the cyclic stability attributed to carbon-based materials as well as the excellent power density from the higher capacitance of the faradaic-type material [7] [8] [9] [10] .
The carbon-based nanomaterials such as activated carbon (AC), carbon nanotubes (CNTs), graphene 11-15 are frequently used as the negative electrodes of asymmetric supercapacitors due to their stability in the negative potential region, good electronic conductivity, large surface area and relatively low-cost. [16] [17] [18] . Activated carbon (AC) is the most suitable negative electrode material adopted for hybrid capacitors due to the numerous merits listed above but also due to its facile preparation process 19, 20 .
Various transition metal oxides and conductive polymers [21] [22] [23] [24] [25] are mostly used as positive electrodes due to their fast and reversible electron exchange reactions at the electrode interface which contribute to the high power densities and high capacitance of asymmetric supercapacitors. [26] [27] [28] [29] [30] [31] [32] [33] [34] .
In recent years, metal chalcogenides materials have been considered for electrochemical energy storage applications due to their diverse chemical and physical properties 35 
Synthesis of Activated carbon
Activated carbon used for the production of the composite materials was prepared as reported in our earlier work 47, 48 . Briefly, graphene foam (GF) and polyvinyl alcohol (PVA) were used as starting material for the production of a hydrogel, which was then used to produce porous carbon materials after the activation process. The activated material was neutralized with 0.1 M HCl, washed with deionised water and dried at 120 °C for 12 h after which samples were characterized.
Structure and morphology characterization
The morphology of the prepared VS 2 and activated carbon electrodes was studied using the high-resolution Zeiss Ultra plus 55 field emission scanning electron microscope (FE-SEM) operated at 2.0 kV. Energy dispersive x-ray (EDX) patterns were taken with a JEOL 5800LV microscope equipped with an energy-dispersive X-ray spectrometer operated at 20 kV and was used to estimate the elemental composition of the produced materials. Transmission electron microscopy (TEM) micro-images and selected area electron diffraction (SAED)
observations were carried out with a JEOL JEM-2100F microscope operated at 200 kV (Akishima-shi, Japan). X-ray diffraction (XRD) patterns of the prepared materials were collected using an XPERT-PRO diffractometer (PANalytical BV, Netherlands) with theta/2theta geometry, operating with a cobalt tube at 50 kV and 30 mA and reflection geometry at 2θ values ranging from 30-90° with a step size of 0.01°. The Raman spectra were recorded using a WITEC-Alpha 300R Plus confocal Raman spectrometer (WITEC GmbH, Ulm, Germany).with a 532-nm laser. X-ray photoelectron spectroscopy (XPS, Kalpha, Thermo Fisher) with monochromatic Al Kα radiation as the X-ray source was used to irradiate the sample surface and determine the chemistries of the samples synthesized in powder form. Nitrogen adsorption-desorption isotherms were measured at -196°C using a 7
Micromeritics ASAP 2020. All the samples were degassed at 180° C for more than 12 h under vacuum conditions. The surface area was calculated by the Brunauer-Emmett-Teller (BET) method from the adsorption branch in the relative pressure range (P/P 0 ) of 0.01-1.
Electrode preparation and electrochemical characterization.
All electrochemical measurements were carried out using a Biologic VMP-300 potentiostat and AC samples respectively. In addition, the nature of the pore structure present in the VS 2 nanosheets are mainly mesoporous with a broad pore size distribution of 2-7 nm (inset to Figure 7 (a)) while a micropores structure is recorded in the AC samples with an average pore size of 2.7 nm (inset to figure 7 (b) ). 
Electrochemical performances of VS 2 nanosheets and activated carbon
To evaluate the potential applications of the electrode materials for supercapacitor applications, the individual electrochemical properties of the VS 2 and AC electrodes were firstly studied in a three-electrode system using 6 M KOH electrolyte. Cyclic voltammetry (CV), chronopotentiometry (CD) and electrochemical impedance spectroscopy (EIS) measurements were carried out for both samples. Figure 8 (a) shows the CV curves of the VS 2 electrode at scan rates of 5, 10, 20, 50 and 100 mV s -1 , respectively. A pair of redox peaks corresponding to anodic peak at ~ 0.25 V and cathodic peak ~ 0.34 V is visible in all the CV curves, revealing distinct faradic characteristics. Therefore the anodic peak is due to the oxidation of V 3+ to V 4+ whereas the cathodic peak is due to the reverse process. With an increase in the scan rates, the small shift in both cathodic and anodic peak potentials are considered to have a direct relationship with internal resistance of the electrode, respectively, indicating that the fast redox reactions occur at the electroactive material/electrolyte interface. curves, the specific capacitance of the VS 2 and AC electrodes were calculated using the Eq.
(1):
where is the discharge current (A), is the discharge time (s), is the mass of active material (g), is the potential range of discharge (V), and is the specific capacitance (F/g). The specific capacitances of VS 2 and AC electrodes were calculated at different current densities and the plot of the specific capacitance (F g -1 ) of the VS 4 nanosheets and AC electrodes as a function of current density (A g -1 ) is shown in Figure 8 (e). The good performance of VS 2 nanosheets can be attributed to the open structure of the VS 2 electrode which can facilitate the penetration of electrolyte ions into the inner part and shorten the ionic diffusion path, therefore improving the dynamic electrochemical performance. The activated carbon revealing that the porous cavities are interconnected in size of several micrometres with a substantial amount of macropores which offer enough reservoirs for electrolyte which is highly required for improved supercapacitor electrode performance 47 . Galvanostatic charge-discharge at current densities of 1 -15 A g -1 ; (e) specific capacitance versus current densities of the VS 2 and AC electrodes respectively.
Electrochemical properties of the asymmetric supercapacitor
To further assess the potential application of the VS 2 nanosheets array electrode in supercapacitors, an asymmetric supercapacitor was fabricated in which the positive electrode comprised of the VS 2 material and the activated carbon material was used as the negative electrode. In order to obtain the optimal performance of the asymmetric full cell supercapacitors, a charge balance between the two electrodes was done; where and are the charges stored in the positive and negative electrodes, respectively. The charge can be expressed by 54 :
where Cs is the specific capacitance of the active material, m is the mass of each active material and ΔU is the potential range during the charge-discharge process.
In order to get , the mass balancing follows the equation 
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The energy density (E, in W h kg -1 ) and power density (P, in W kg -1 ) of ECs can be calculated from specific capacitance, C s according to the following equations:
where U is the voltage window of the full cell and t is the discharge time.
The Ragone plot and the specific capacitance as function of the current density of the asymmetric device are shown in figure 9 ( 57 .
The stability of the electrode material is also a very important characteristic for their application as energy storage devices. In order to understand the stability of VS 2 //AC asymmetric device, the samples were subjected to 5000 cycles at the high current density of 2 A g -1 as shown in figure 9 (e). The coulombic efficiency of VS 2 //AC after 5000 cycles is ∼ 99% and exhibit excellent electrochemical stability. 
Conclusions
We have successfully fabricated an asymmetric supercapacitor cell based on porous activated carbon material as negative electrodes and VS 2 as positive electrode. 
